I. Introduction

A. Abstract
In this report, we study the optimization of the geometry of inkjet-printed polymer films and develop a simple analytic framework to understand our results and establish limitations on inkjet-printed patterns. We show how drop spacing and ink concentration affect the thickness of a printed film and how hydrostatic conditions with contact angle hysteresis have to be considered to print optimized rectangular features. If advancing and receding contact angle are not taken into account, printed features will either bulge or breakup into smaller beads. Thus, we provide a comprehensive analysis of the limits of film formation using regular assemblies of droplets.
B. Motivation
Printing technologies have emerged as a promising technique to realize low-cost integrated circuits. Among several printing options, drop-on-demand inkjet printing is an attractive tool for low-cost electronics fabrication due to its precise, flexible control and cost-efficient additive processing. Inkjet printing can generate patterns of metals, semiconductors or insulators by jetting ink drops of the appropriate materials on a substrate at desired locations. Dots form a line, and lines form a film by merging.
Printed films play a significant role in electronic devices such as transistors, passive circuit elements, displays, and solar cells. Various aspects of these electrically active printed films need to be understood and controlled in these electronic applications. For example, the thickness of the insulating layer of a transistor or a capacitor has to be controlled for a precise specific capacitance and to avoid leakage. Similarly, for printed light emitting diodes and solar cells, thickness control is required for light emission efficiency and absorption. The surface of printed films needs to be smooth for better field endurance in capacitors and for less carrier scattering in active devices. Its overall geometry must be controlled both for electrical performance and for efficient circuit layout.
In order to make inkjet printing more controllable and technologically feasible, it is important to understand the nature of printed features and generate design rules for inkjet printing [1] - [2] .
An understanding of the various rheological effects present during printing of films is necessary for the realization of optimized, reproducible inkjet-printed devices. Recently, various authors have demonstrated an understanding of drying processes based on the evaporation parameters of inks, causing various surface topographies of printed films to manifest themselves [3] - [5] . To solve some of the observed effects, Tekin et. al. used a multiple-pass inkjet-printing technique to improve homogeneity of a film [6] . The multiple-pass technique, called multilevel matrix in their work, prints matrixes which consist of independent drops and requires back and forth movement of nozzles over the film. They thus offer an experimentally derived solution to film formation challenges in droplet-based printing. Unfortunately, this technique is problematic from a manufacturing perspective, since the multiple passes dramatically reduce throughput and deleteriously impact process cost. What is desired is to obtain a quantifiable understanding of the hydrostatic effects impacting pattern shape control, and to use this understanding to optimize printing conditions to realize well-controlled shapes. In this work, we examine the formation of contiguous film from droplets printed in a unitary raster scan, which is more appropriate for faster single-pass printing. We develop a simple analytical framework to establish the limitations imposed by hydrostatic considerations with contact angle hysteresis on pattern formation using the same, thus providing optimization guidelines for formation of films using inkjet printing. This is particularly important, since it established design and printing relationships that determine the limits over which well-defined structures can be printed.
This report is organized as follows -we begin by establishing the basic measurement techniques used in this work, and then establish the proposed theoretical framework. Finally, we examine the implications of the same. The concept of contact angle hysteresis and its general measurement technique will be briefly discussed in the next section. In the body of this report, experimentally observed phenomena related to firm formation are presented, and these are used to develop a quantitative model for film formation. Finally, the results will be analyzed both qualitatively and quantitatively to form an understanding of the implications of contact angle hysteresis on film formation.
C. Contact Angle Hysteresis and Its Measurement
As well known, a sessile drop on a substrate has a contact angle defined by the Law of YoungDupré. The surface tensions between gas/liquid, liquid/solid and solid/gas are equilibrated by forming the equilibrium contact angle. When the substrate gets dirty either chemically (defects) or physically (roughened), the contact angle does not only have one value. If there are defects which attract the liquid, more energy is needed to break up the interaction between the defects and the drop. Also, when the surface is rough, the macroscopic contact angle can have a range of values because the rough surface has non-zero angle slope which changes the macroscopic angle.
When the volume of a liquid drop is increased, the angle beyond which the drop starts expanding is defined as 'advancing contact angle'. Also, while the volume of a liquid drop is decreased, the angle below which the drop retreats is 'receding contact angle'. In the case of dirty surface, the advancing contact angle and receding contact angle are not identical, resulting in nonzero contact angle hysteresis.
Contact angle hysteresis can be measured based on the definitions of the various contact angles.
With a supply of ink into a drop to wet the substrate, measured contact angle when the drop just starts advancing can be determined as the advancing contact angle. Similarly, by sucking the ink through a needle to recede the drop, we can measure the retreating contact angle as shown in Figure 1(a) . In order to minimize the effect of surface tension between the needle and the liquid, it is desirable to use a needle with low surface energy. Instead of controlling the volume of a drop, a tilted substrate which makes a droplet advance and recede by gravity can be used to measure the hysteresis as shown in Figure 1 In this work, the contact angle hysteresis plays the most important role in explaining what we observe and anticipating the pattern shapes. Thus, it will be repeatedly mentioned through the report. Also, the former measurement method of using a needle is used to measure the contact angles in our experiments. Given the explanation of contact angle hysteresis above, we are now ready to proceed with experiments and analyses of the implications of this phenomenon on film formation.
II. Experimental Setup, Results and Qualitative Analysis
A. Experimental Setup
To facilitate the development and verification of a model of the hydrostatic considerations in film formation, we study film formation experimentally using droplet-on-demand inkjet printing.
Our experiment is conducted with two drop-on demand inkjet printers, a custom-built system based on a Microfab piezoelectric jetting head and the Dimatix Materials Printer DMP-2800.
The Microfab system jets 100 pL drops through a single 60 µm orifice at a frequency of about 25
Hz. The Dimatix system jets 10pL drops through up to 16 nozzles at 2 kHz.
For this work, we print a polymer ink, poly(4-vinylphenol), PVP, dissolved in 1-hexanol. PVP is commonly used dielectric material in organic TFTs, with suitable cross-linking [7] - [8] . PVP ink usually contains a crosslinker material, but the crosslinker is not included in this experiment to ensure a simpler solvent system. Concentrations of PVP inks used in this experiment are 7.60 wt% and 14.13 wt%. While our experimental data and verification is limited to this important material system, the methodology and modeling developed herein is more generally application, provided appropriate parameters are used for different ink systems.
To ensure highly controlled substrate conditions requisite for good modeling, we print on two Every printed square film in this work shows significant coffee-ring effect around its boundary as shown in Figure 3 . As explained by Deegan et. al., this "coffee ring" is formed due to outward capillary flow caused by pinned contact lines and enhanced evaporate at the edge of a partially wetting film [9] . It has been demonstrated that dual solvent systems with different vapor pressure can suppress the coffee-ring effect [6] , [10] . The vapor pressure difference between center and edges that causes the outward capillary flow is reduced because the concentration of lower vapor pressure solvent is higher at the edges due to faster evaporation of the solvent with higher vapor pressure. However, the dual-solvent system is not used in this work in order to develop a hydrostatic model based on a single, time-invariant contact angle. Excluding the coffee-ring edges, the thickness of the films is almost constant since the evaporation rate near the center is constant as shown in Figure 3(b) . Additionally, we note that the central flat region of dielectric films can be used in organic TFTs despite a coffee ring edge; indeed this structure is advantageous since the central region is extremely flat, unlike the dome-shaped profile commonly observed in films formed using coffee-ring retarding concepts [11] . The average thickness of the central flat region is defined as the thickness of the polymer film in this work.
Since the modeling of hydrostatic effects considered in this work is important for timescales before the films dry, the presence of coffee-rings does not influence modeling or verification efforts, nor does it affect the predictive capability of the model. Indeed, the model can be extended to account for multi-solvent systems by introducing time-variant contact angles, but this will not be done here. 
B. Experimental Results and Qualitative Analysis a. Experimental Results
To collect the requisite data for material development and verification, we investigate how the thickness and pattern fidelity of printed films varies as drop spacing changes. As shown in Figure 4 , the measured thicknesses of 500 µm square films printed by the Microfab system and those of 200 µm square films printed by Dimatix decrease monotonically as drop spacing increases. The minimum thickness in a given ink-substrate system is determined by the spacing required for drop overlap. As shown in Figure 5 , drops do not merge together and the film is separated when drop spacing is larger than the diameter of a single drop. Also the ink concentration affects the thickness of printed films. Doubling the amount of PVP (from 7.6 wt% ■ 100pL, 7.60 wt%, measured • 100pL, 14.13 wt%, measured □ 10pL, 7.60 wt%, measured changes. As drop spacing decreases, the square film starts bulging at the left edge and eventually bulges on every edge at sufficiently low spacing, forming a circular shape as shown in Figure 6 .
We observe another interesting phenomenon when we print larger films. The film may separate into smaller beads as we try to print larger film. This results in the pattern breakup shown in Figure 7 . The top-right corner drops, which are jetted last, are separated from the film with 40 µm drop spacing. Larger drop spacing results in more severe film breakup. 
b. Qualitative Analysis
In a uniform film, assumed to be much thinner than the upper limit on film thickness imposed by gravity (see Appendix), the final PVP film thickness is determined by the total volume of PVP ink per unit area. Assuming constant drop spacing in both print directions, the number of jetted drops in printed films of the same size is inversely proportional to this constant drop spacing value. Therefore, the thickness of the film decreases monotonically as drop spacing increases.
If the volume of ink in a film is too much such that contact angle at the edges of the film is higher than the requisite advancing contact angle, then the boundary of the film expands as the excess ink flows outward to form an appropriate advancing contact angle at the edges for surface energy minimization. Since we raster-scan the film from left to right, the contact angle at each edge of the printed bead decreases as more lines are added to the right. Therefore, in Figure 6 , bulging tends to occur on the left hand side when the contact angle is initially higher than advancing contact angle. As the contact angle fall beneath the advancing contact angle, the bulging does not occur any more, resulting no bulging on the right hand side. When more lines are added with relatively large drop spacing, the contact angle continues to decrease and fall beneath the receding contact angle. It then causes the right edge to be pulled to the left, resulting in scalloped morphology.
In order to understand the film breakup, we also need to consider the retreating contact angle.
As the wetted footprint of a pattern is expanded through further printing, the growing bead's contact angle may fall due to geometric considerations depending on the volume of ink deposited per increase in substrate area covered. Should a growing bead's contact angle fall beneath the receding contact angle as printing proceeds, the contact line will retreat. Thus, the film breakup occurs as we print larger films.
If the receding contact angle is near zero which means almost total pinning, then the film breakup does not happen because the bead's contact angle is always higher than the receding contact angle. In case of printed features on the microscope slide whose retreating contact angle is near zero, 2 mm square films are able to be printed with almost no breakup as shown in Figure   8 . Although the film with 100 µm spacing shows small inside breakups, the films maintain their square boundary very well. As shown in Figure 9 , much larger films including 5 mm square film can also be printed on the same substrate, which is impossible on the Corning glass. 
III. Quantitative Analysis based on 1D Hydrostatic Model
To proceed with development of analytical models for film formation, we examine film thickness limitations as well as pattern fidelity limitations as a function of hydrostatic considerations.
A. Inkjet-Printed Film Thickness Model
As discussed in the previous section, PVP film thickness is determined by the total volume of PVP ink per unit area. Assuming that a printed film is large compared to the size of a single drop, the final thickness of the dried printed film, h, is proportional to the drying ratio and the total volume of the film and inversely proportional to the area of the film:
where the volume of a single drop is V drop , the drop spacing is d, C is experimentally extracted drying ratio, and the number of lines forming the square is n. However, if the size of a wetting drop approaches the size of the printed film, the size of the drop has to be included in the area of the film. If the center of drop is jetted onto the square of designed size, then the total area of printed square includes the extended boundary of jetted drop radius, 2R on both sides. It is significant when the radius is comparable to the size of the film. Assuming two sides of a rectangle film shown in Figure 10 are a and b, the radius of a single drop is R, the volume of a single drop is V drop , the drop spacing is d and C is experimentally extracted drying ratio, the thickness of the dried printed film, h, can be derived in the following way. .) The increased area caused by bulging eventually decreases the ink volume per unit area, resulting in the deviation seen in the measured data at smaller drop spacing in Figure 11 . The bulging phenomenon also distorts the shape of desired patterns. In order to increase the maximum thickness beyond what can be reached due to bulging, the ink concentration can be increased. . Circular segment geometry. The circular segment, A1, can be assumed as a cross sectional area of a single line. Therefore, θ is equilibrium contact angle and its width is determined only by its contact angle and the cross-section area of the Since the cross-section area of a stable line is determined by the total volume of a bead over the line length, the area is simply expressed as (6) . . Circular segment geometry. The circular segment, A1, can be assumed as a crossis equilibrium contact angle and W is the width of a section area of the section area of a stable line is determined by the total
where K is equal to 3.59 for the advancing contact angle of 7.60 wt% PVP ink, 26.0°. Figure 13(c) . When the spacing between two lines is less than the width of a single line, the second line touches the first printed line, and the two lines merge into a single bead (we ignore evaporation of solvent between printing of successive lines in this analysis; for typical printing speeds and solvent evaporation rates, this is a good assumption for successively printed lines in our experiment). At that point, the width of two merged lines is the sum of width of the first line and the distance over which the second line spreads as shown in Figure 13(c) and (8) .
After the two lines merge, any further spreading is determined by the advancing contact angle for the new bead. We now endeavor to compare the widths of a just-merged bead with that of the same bead spread to its equilibrium width. Substituting twice the ink volume into equation (7) to represent two lines worth of printed drops, we find that the width of the new bead is simply 2 W single .
If the merged line width, found with equation (8), is smaller than the line width maintaining the advancing contact angle, 2 W single for two lines, then the contact angle on each side of the merged bead is larger than the advancing contact angle. Consequently the bead will flow until its contact angle is reduced to the advancing contact angle. This outflow is the bulging phenomenon seen in Figure 6 .
b. Generalization to Many Printed Lines
This same approach can be extended to multiple lines as well. Bulging continues whenever a new line adds fluid such that the new, merged bead would exceed its advancing contact angle.
Replacing two lines worth of ink in the case of two lines impinging with n, the number of printed lines, it is possible to use the same method to determine the bulging growth when n th line is added, leading to the following inequality (9) for the condition where the contact angle of the merged bead is less than or equal to the advancing contact angle.
When the inequality (9) is satisfied, the printed bead stops bulging. Therefore, the number of lines that have to be printed to stop bulging for a certain constant drop spacing can be calculated and is shown in Figure 14(b) . To test the model, ten lines are sequentially printed from the left to the right. The boundary of each dried feature is extracted, aligned, and overlaid in Figure   14 The film breakup phenomenon seen in Figure 7 can also be explained by the 1D simple hydrostatic model developed in the previous section. When the equality in (9) is satisfied, the merged bead has the contact angle which defines W single . Based on the 1D hydrostatic model, the width of merged lines which have a contact angle, θ, on each side is determined by the contact angle, drop spacing, drop volume and number of printed lines as in equation (10). 
where K is equal to 3.59 for θ advancing of 7.60 wt% PVP ink, 26.0° and K is equal to 4.87 for θ receding , 14.4°. By using the equation (12), it is possible to set up a framework as shown in Figure 15 to anticipate the contact angle of a printed bead of a given width, printed at a given drop spacing. Based on the established boundaries for bulging, proper shape definition, and bead separation, we can then predict the specific regime within which a pattern will be printed.
Our 1D hydrostatic model has an assumption of infinite length of the bead. Therefore, the model has a limitation to be accurately applied to 2 dimensional square films. However, the framework in spacing. This is likely caused by two issues. Firstly, the 1D model cannot accurately predict the contact angle of square films, and secondly the total volume of the films is reduced due to evaporation of solvent as films are printed. However, despite these errors, we in all cases we clearly see that hydrostatic concerns prove to define the experimental space within which uniform films can be printed. However, due to quicker printing, the amount of time taken for forming evaporation-induced pinned line edges is also decreased, resulting in a more surface-energy minimized round shape.
This is more clearly observed in (C-1 and 2) of Figure 16 . In C-1, a single nozzle allows enough time for printed lines to be dried and pinned, but the last portion of the printed volume is separated for surface energy minimization. Therefore, the square film still maintains its square boundary. However, in C-2, six-nozzle-printing jets the total volume of ink before the square boundary is formed and the boundary lines recede to minimize the surface energy. These thus form more clearly separated smaller films.
with multiple nozzles; considering these, we note that multiple-nozzle printed films have symmetry in their shape and tend to fit the simple hydrostatic model slightly better due to slower evaporation relative to print speed. The tendencies discussed are seen in Figure 17 as well. In this work, we have provided a simple analytic framework for the optimization of printing of two dimensional patterns using droplet-on-demand printing. We showed a simple film thickness model with a good fit to our printed polymer films. We have also demonstrated and explained limitations of the model caused by bulging or not merged drops. In order to increase the maximum thickness beyond what can be reached due to bulging, the ink concentration can be increased. This model enabled us to be able to accurately predict the thickness of printed films.
To develop an understanding of bulging and separation of a film, we suggested a onedimensional hydrostatic model. A large amount of ink in a given bead, such that its contact angle is higher than the advancing contact angle, causes the bead to advance and wet the substrate. If the amount of ink is not enough to meet receding contact angle, the film breaks up into smaller films to minimize its surface energy. Therefore, contact angle hysteresis has to be considered carefully for a complete and uniform printed film.
Although the simple 1D hydrostatic model in this work helps provide an understanding of the behavior of printed films and proves its usefulness, the model is applicable accurately only when the patterns are quasi-1D structures; errors in the 1D approximations manifest themselves as the shape deviates from this regime. When both sides of a pattern become comparable, it is necessary that the entire contact angle around the pattern has to be considered so that the bulging and dewetting can be anticipated not only at two edges but around the boundary; this is beyond the bounds of this report. What this model clearly does establish, however, is the limitations imposed by hydrostatic considerations on films formed using constantly-spaced droplets. 
